. Hot workability characteristics of 20CrεnTiH steel are analyzed based on the developed processing map. The safe deformation regions with a higher energy dissipation efficiency exhibit the dynamic recrystallization (DRX) mechanism and show fine and homogeneous microstructure. The unstable regions with negative instability coefficient occur at both lower temperature with all strain rates and at high temperature with high strain rate at the strain of 0.2. The area of instability gradually decreases with the increasing strain and only appears at lower temperature and higher strain rate when the strain is above 0.2. The unstable regions indicate the flow localization by microstructure analysis. Combining with the developed processing map with DRX behavior, the optimal values of hot processing parameters for 20CrεnTiH steel are obtained to achieve good hot workability and small grain sizes at the process parameters ranged at 1036-1070 /0.1-1s -1 and 918-985 /0.01-0.014s -1 . Keywords 20CrεnTiH steel; hot workability; optimization of processing parameters; processing map; DRX behavior
Introduction
Hot workability of metals refers to the plastic deformation ability at high temperature without the occurrence of fracture or flow localization [1] . During hot processing, the deformed material is of different microstructures under different temperature and strain conditions. Flow instability may also take place under some conditions of process parameters, which lead to some defects of the finished part. Therefore, it's very important to understand the hot workability of metal materials to evaluate the safe deformation domains and avoid plastic instability or defects in hot processing. In the last two decades, the processing map, a product of the Dynamic εaterial εodel (Dεε) developed by Prasad et al. [2] , has been widely used for all kinds of materials to estimate the hot workability, to control the microstructure and to optimize the hot processing parameters in bulk metal forming [3] . Y. V. R. K. Prasad and K. P. Rao studied the hot workability of electrolytic tough pitch copper and rolled AZ31 magnesium alloy plate by using processing maps, respectively [4, 5] . R. S. Septimio et al evaluated the hot workability of microalloyed steels 38εnSiVS5 and 0.39C1.47εn and obtained the instability domains by constructing the processing maps to identify the safe regions for metalworking [6] . H. Rastegari et al used the processing maps to evaluate the material flow behavior and to define different domains and instability regimes showing various microstructural mechanisms as well as to identify the safe processing window without defects during warm forming of the eutectoid steel [7] .
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Zhinan Yang et al determined the expanded instability region of the low carbon bainitic steel, 29εnSiCrAlNiεo, by constructing the processing maps at different strains and optimized the processing parameters by combining the processing maps with microstructural observation [8] . Yang Cheng et al studied the metadynamic recrystallization(εDRX) behavior and characteristics of HR3C austenitic heat-resistant stainless steel by combining the kinetic equations of εDRX and hot processing maps and obtained the stability domain [9] . δi εiaoquan and Zhang Xiaoyuan optimized the forging parameters of TC11 alloy based on the processing maps [10] . Quan et al.
studied the intrinsic workability of as-extruded 42Crεo high-strength steel, the optimal working parameters was identified by processing maps and validated by microstructure observations [11] .
20CrεnTiH steel is a low-carbon alloy steel and widely used to manufacture the transmission components, such as gears, ring gears and gear shafts. The previous researches on 20CrεnTiH steel mainly focused on the material constitutive modeling and flow behavior based on the hot compression experiments. It found that average grain size varied with the deformation temperature and strain rate during hot deformation [12] [13] [14] . Their results are useful in developing the Finite Element (FE) model to simulate hot forming of gear parts made of 20CrεnTiH steel by applied the constitution equations obtained in [12] [13] [14] . However, these results cannot be used to describe the safe region with good hot workability and instability regions that should be avoided during hot forming process. This paper is aimed to investigate the hot workability characteristic and obtain the optimal hot working parameters of 20CrεnTiH steel by establishing the hot processing map at different deformation temperature, strain rate and strain conditions by combining the process map with the microstructure during processing. According to the Dεε model, the deformed workpiece is considered as a nonlinear energy dissipater and the deformation process was as an energy conservation system. The instantaneously dissipated total power (P) of workpiece during hot working consisted of two complementary parts: one is the power dissipated content (G) by plastic deformation which results in the temperature to be increased, another is the power dissipation co-content (J) caused by metallurgical process which results in the microstructural change. The instantaneously dissipated total power (P) can be described in terms of strain energy at a given temperature in the hot forming regime [15] : (1) where is the effective stress and is the effective strain rate.
For a plastically deformed material, the constitutive equation can be defined at a given deformation temperature T, the effective strain rate and the effective strain as follows: (2) where K is strength coefficient, m is the strain rate sensitivity exponent, which defines the relative proportion of total energy between plastic deformation and microstructural change at given temperature and strain and the value of m can be calculated according to the flow stress obtained from the hot compression experiments. It can be expressed by:
The efficiency of power dissipation is introduced to represent how efficiently the power dissipates by metallurgical process during plastic deformation. It is defined as a linear dissipater (m=1):
The efficiency of power dissipation shows the power dissipation capacity of the deformed workpiece. Its value varies with the deformation temperature and strain rate at a given strain. An equivalent contour map can be plotted to represent the three-dimensional variation of with temperature, strain rate and strain, which constitutes the power dissipation map used to analyze the microstructure evolution mechanism under different process conditions.
The hot-working conditions with higher efficiency of power dissipation are not necessarily safe regions from microstructural viewpoint since these could be cracking or damage root causes, thus the evaluation criteria for the flow instability must also be discussed. According to the extremum principles of maximum rate of entropy production, another dimensionless parameter, the instability coefficient , is defined to estimate the regions where flow instability, fracture or defects are most likely to occur. The instability criterion is expressed by:
The variation of the instability coefficient with temperature and strain rate at a given strain represents the instability map, which can be applied to predict flow instability or the microstructure defects when .
By superimposing the energy dissipation map on the instability map, the hot processing maps can be obtained and the hot-workability will be analyzed according to the processing maps.
Materials and Experiments
The chemical composition of 20CrεnTiH steel and the hot compression experiment procedures have been described in detail in reference [12] and [13] . The original microstructures of the as-received test steel are consisted of the ferrite and pearlite, as shown in Fig.1 . The cylindrical specimens with a diameter of 8mm and a height of 12mm are compressed on the Gleeble-3500 thermal simulator with the temperatures range of 850~1150 and the strain rates range of 0.01~1s
and with a compressive strain 0.916. The flow stress-strain curves can be obtained under different deformation conditions as shown in Fig.2 [12] . All the deformed samples are sectioned along the compression direction in the sample center and the microstructure can be observed by metallographic microscopy.
Based on the flow stress-strain data obtained in Fig.2 , the strain rate sensitivity exponent m is calculated under different temperatures, strain rates and strains according Eq. (3), as shown in Table 1 . 
Processing maps of 20CrMnTiH
The m values obtained in Table 1 are used to calculate the efficiency of power dissipation and the instability coefficient according to Eq. (4) and Eq. (5), thus the power dissipation maps and the instability maps for 20CrεnTiH steel can be obtained under different temperatures, strain rates and strains, respectively, as shown in Fig. 3 and Fig. 4. Fig.3a are the 3D power dissipation maps for 20CrεnTiH steel, which can represent the three dimensional variation of with temperature, strain rate and strain. Fig.3b-f and Fig.4a-e show the 2D power dissipation maps and the instability maps for 20CrεnTiH steel under different hot work conditions and the contour values indicate the value and value, respectively. From these results the hot processing maps for 20CrεnTiH steel at the deformation temperature region of 850~1150 C, strain rate 0.01~1s -1 and the strain of 0.2~0.916 can be developed by superimposing Fig.3 and Fig.4 , as shown in Fig. 5 . The contour values represent the value under different conditions. 
Results and discussions

Safe region and Instability region
Generally, the efficiency of power dissipation represents the rate of microstructural evolution occurred due to hot deformation. That is to say, the regions with a higher value in the power dissipation map means that the material is of the better hot workability and easier to achieve microstructure evolution. According to Fig.3 , the efficiency of power dissipation varies with the strain. The peak value increases firstly then decreases with increasing strain and occur at high temperature and low strain rate when strain value is at 02~0.6 and also exists at moderate-temperature and lower strain rate when strain is at 0.8~0.916. The peak values of are 0.4, 0.38, 0.35, 0.37 and 0.39 at the strain values of 0.2, 0.4, 0.6, 0.8 and 0.916, respectively. In the light of the previous research [12] [13] [14] and Fig.2 , the stress-strain curves for 20CrεnTiH steel exhibit the dynamic recovery (DRV) and dynamic recrystallization (DRX) softening mechanism. The flow stress, which increasing rapidly first then flattening out gradually with increasing strain, indicates that the DRV behavior takes place at low temperature and high strain rate. The flow stress curves with peak at the high temperature and low strain rate show that the DRX is the dominant deformation mechanism and the deformed material is of larger DRX degree at higher temperature. The DRX behavior is accompanied by the higher power dissipation to provide energy to the grain nucleation and growth.
Regions with high power dissipation efficiency is not necessarily safe regions for defect free deformation due to the complexity of the microstructure evolution [6] , the instability map is used to estimate the instability regions for the deformed material. On the basis of the instability criterion, the instability regions with negative values for 20CrεnTiH steel are marked in red color in Fig.4 and they occur at the higher strain rate and lower temperature. From Fig.4 there are two instability regions at the strain value of 0.2. One region occurs at the temperature range of 850~1050ºC and the strain rate range of 0.01~1s -1 , another one is at the temperature range of 1050~1150ºC and the strain rate range of 0.324~1s -1 . The instability region exists at the temperature range of 850~997ºC and the strain rate range of 0.013~1s -1 , and at the temperature range of 850~898ºC and the strain rate range of 0.077~1s -1 and at the temperature range of 850~891ºC and the strain rate range of 0.169~1s -1 , and at the temperature range of 850~950ºC and the strain rate range of 0.38~1s -1 , and at the temperature range of 850~971ºC and the strain rate range of 0.371~1s -1 at the strain of 0.4, 0.6, 0.8, 0.916, respectively. These instability regions are considered as unsafe deformation zones, which resulted from deformation defects, such as flow localization, adiabatic shear band and cracking [8, 16] and should be avoided during hot forming of 20CrεnTiH steel.
Generally, the processing maps are used to identify different deformation domains with various microstructural mechanisms, such as DRV, DRX and superplastic deformation which considered as safe mechanisms in terms of the safe regions, without the void formation, wedge cracking, intercrystalline cracking, flow localization and adiabatic shear band which depict damage mechanisms named instability region [6, 9] .
As seen from Fig.5 , the processing map of 20CrεnTiH steel is of different characteristics with the increasing strain from 0.2 to 0.916. The instability regions occur at both low temperature with all strain rates and at high temperature with high strain rate at the strain of 0.2. And the area of instability gradually decreases with the increasing strain and only emerges at lower temperature and higher strain rate with the strain value of over 0.2.
DRX imparts excellent hot workability to the material and is desirable for hot forming of many metal materials [6] . Therefore, to bring about the grain refinement and to improve the mechanical properties of the deformed parts, it is desirable that the DRX behavior occurs during hot forming products of 20CrεnTiH steel. Referred to the DRX kinetics, the nucleation of the DRX grain initiates at the critical strain ,
is the peak strain and can be decided according to strain-stress curve of Fig.2 . Thus can be calculated by Fig.2 and used to evaluate whether the DRX behavior occurs or not, as shown in Table 2 . As can be seen from Table 2 , the critical strain is affected obviously by temperature and the strain rate and the DRX behavior does not occur at low temperatures and high strains. Thus the values caused the DRX phenomenon under different deformation conditions are calculated according to Table 1, Table 2 and Eq. (4), as shown in Table 3 . As can be seen from Table 3 , the values corresponding to the occurrence of DRX are approximately over 0.22 and the values are approximately in the range of 0.3~0.40 when the strain is over 0.4, which is in agreement with the results of the previous reports [11, 15] . Therefore, the safe and instability regions with higher values ( 0.3) under different strains for 20CrεnTiH steel can be determined. In fig.5 , the regions in red show the instability domains resulted from deformation defects, such as flow localization, adiabatic shear band and cracking, and the regions in blue represent the safe domains ( 0.3) with good workability corresponding to the DRX mechanism. Table 2 
Validation of processing maps
The typical optical microstructure corresponding to the red and blue region in Fig.6 and Fig.7 are observed to validate the processing window decided by the processing map. Fig.6 shows the SEε micrographs at different temperatures and strain rates at the strain 0.916. The localized flow of the deformed specimen at 850ºC/1s -1 and 950ºC/1s -1 is observed as shown in Fig. 6(a) and (b) . The microstructure distribution is very uniform at 1050ºC/1s -1 and 1150/0.1 s -1 as shown in Fig. 6(c) and (d) . Generally, DRX is very limited at low temperature and adiabatic heating is difficult to be conducted at high strain rate due to a shorter deformation time, which can result in flow localization [8, 11] . Fig.7 shows the microstructure characteristics of the deformed samples at different working conditions at the strain 0.916. Fig. 7(a) and (b) show the unstable region microstructure obtained at 850 ºC/1s -1 and 950ºC/1s -1 , respectively. It can be seen that the microstructure in unstable region is elongated and the necklace structure has occurred, caused by the local plastic flow and should be avoided due to weakening the mechanical properties of the steel during hot processing. Fig. 7(c) -(i) represent the microstructure at the safe region with higher value, respectively. It can be seen that the microstructures in safe region are of equiaxial DRX grains, which shows the full DRX behavior occurred under these processing conditions. These results agree with the ones obtained from the processing map. 
Optimization of processing window
Combing the analysis of processing map with the microstructure observation, the optimum processing window for 20CrεnTiH steel can be obtained.
In Fig. 7(c) -(i), it can be seen that the DRX grain structures are obviously affected by deformation temperature and strain rate. The grain sizes increase with increasing temperature at the same strain rate as shown in Fig. 7(c) -(f) and (g)-(h), respectively. However, the DRX degree is greater and the distribution of the microstructure is more uniform at high temperatures. This because that the nucleation and growth of DRX grain are a thermally-activation processing, which can be accelerated with the increasing temperature [17] . While the grain sizes decrease with the increase of strain rate at the same temperature as shown in Fig. 7(d)-(g) and (e), (h),(i), respectively. This attributes to the fact that high strain rate provides less time for the movements of grain boundaries and dislocation, which postpones the nucleation and growth of DRX grains. The average DRX grain sizes measured in Fig.7 , respectively. Generally, the grain sizes of the product should be in the range of 22-30 m to meet the mechanical properties required in industry applications. Though the value is higher at 1050ºC/0.01s -1 and 1150ºC/0.01s -1 , the DRX grain sizes are relatively large and these processing parameters are not the optimum. Thus, the optimum processing window for 20CrεnTiH steel can be obtained combining the processing map and the DRX behavior analysis in order to optimize the hot workability and control the microstructure. That is to say, in forming 20CrεnTiH steel the processing parameters should be designed in these regions, where the material is not only of having higher value but also with larger DRX degree to achieve smaller grain sizes. Therefore, it can be concluded that the domains at a low temperature and strain rate or a high temperature and strain rate are beneficial to hotworking, grain refinement and uniform microstructure with full DRX. Finally, the optimum processing parameters of 20CrεnTiH steel during hot deformation at a strain value of 0.916 are 1036-1070 /0.1-1s -1 and 918-985 /0.01-0.014s -1 .
Conclusions
The hot processing maps of 20CrεnTiH steel are developed using the principles of dynamic materials models based on the stress strain data obtained using hot compression tests. The safe and instability deformation regions are identified and the hot workability is evaluated according to the processing maps. The optimum processing parameters are obtained by combining the processing map with DRX behavior. The main conclusions can be drawn from this study as follows:
1) The efficiency of power dissipation varies with the strain; the peak value of increases firstly then decreases with increasing strain and occurs at high temperature and low strain rate when strain is 02~0.6 and also occurs at high temperature high strain rate when strain is 0.8~0.916. At the safe regions, when the values are over 0.3~0.5, the DRX mechanism is prominent and the steel is of good hot workability.
2) The instability regions occur at both low temperature with all strain rate and high temperature with high strain rate at the strain of 0.2. And the area of instability gradually decreases with the increasing strain and only exists at lower temperature and higher strain rate when the strain is greater than 0.2. The instability region exhibits flow localization confirmed by the microstructure observation.
3) The optimum processing parameters during hot working 20CrεnTiH steel are 1036-1070 /0.1-1s -1 and 918-985 /0.01-0.014s -1 .
